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Abstract:	  
Self-­‐reinforced	   polylactic	   acid	   (SR	   PLA)	   composites	   incorporating	   cellulose	   nanowhiskers	   (CNWs)	  
were	  produced	  by	  coating	  orientated	  PLA	  fibres	  with	  a	  polyvinyl	  acetate	   (PVAc)-­‐CNW	  mixture	  as	  a	  
binder	  prior	  to	  hot	  compaction	  at	  95oC.	  	  PLA	  fibres	  were	  produced	  with	  an	  average	  diameter	  of	  11	  (±	  
0.9)	  µm	  via	  a	  melt-­‐drawing	  process	  at	  180oC.	  Scanning	  electron	  microscopy	  (SEM)	  images	  revealed	  
that	  the	  CNWs	  imparted	  roughness	  to	  the	  PLA	  fibre	  surface.	  Cross-­‐sectional	  examination	  of	  the	  SR	  
PLA	  composites	  after	  hot-­‐pressing	  confirmed	  that	  the	  PLA	  fibres	  had	  maintained	  their	  morphology.	  
Incorporation	  of	   8	  wt%	  CNWs	  within	   the	   SR-­‐PLA	   composites	   revealed	   an	   increase	   in	   their	   flexural	  
strength	   (48%)	   and	  modulus	   (39%)	   compared	   to	   the	   control	   composite	   (flexural	   strength~82	  MPa	  
and	   modulus~3.9	   GPa).	   In	   addition,	   whilst	   the	   control	   SR-­‐PLA	   composite	   revealed	   quite	   brittle	  
characteristics,	   the	  addition	  of	  CNWs	  and	  PVAc	   gave	   the	   self-­‐reinforced	   composite	  a	  more	  ductile	  
behaviour.	  	  
Key	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Introduction	  
	  
Self-­‐reinforced	   composites	   (SRCs)	   have	   found	   widespread	   use	   for	   applications	   in	   the	  
biomedical,	   construction	   and	   packaging	   industries	   [1,	   2].	   The	   concept	   of	   self-­‐reinforced	  
composites	   was	   first	   developed	   by	   Capiati	   and	   Porter	   [3]	   who	   demonstrated	   that	   the	  
orientation	   of	   aligned	   chains	   within	   the	   same	   polymer	   significantly	   improved	   their	   initial	  
mechanical	   and	   fracture	   failure	   properties.	   In	   this	   process,	   fibres	   derived	   from	   the	   same	  
polymer	  were	  heated	  above	   the	  glass	   transition	   (Tg)	   temperature	  but	  below	   their	  melting	  
temperature	  (Tm)	  and	  compressed	  to	  produce	  composite	  plates	  using	  high	  pressure	  where	  
the	  ultimate	  mechanical	   properties	  of	   the	  prepared	   composites	  depend	  on	   the	  molecular	  
weight	   of	   the	   polymer	   and	   the	   fraction	   of	   aligned	   chains	   within	   the	   self-­‐reinforced	  
composites	   [4,	   5].	   The	   selection	  of	   temperature,	   pressure	   and	   time	  are	   very	   important	   in	  
order	   to	  maintain	   optimum	   reinforcing	   effect	   of	   the	   fibres	   in	   SRC	   processing	   [6].	   Various	  
techniques	  such	  as	  hot	  compaction	  [7],	  partial	  dissolution	  [8],	  cool	  drawing	  [9]	  and	  chemical	  
modification	  [10]	  have	  been	  employed	  to	  manufacture	  self-­‐reinforced	  composites.	  Several	  
studies	  have	  reported	  on	  the	  successful	  production	  of	  SRCs	  using	  a	  wide	  variety	  of	  polymer	  
fibres,	   including	   polyethylene	   (PE)	   [11-­‐14],	   polypropylene	   (PP)	   [15,	   16],	   polyethylene	  
terephthalate	   (PET)	   [17],	  polyamides	   [18,	  19],	  polylactic	  acid	   (PLA)	   [4,	  20,	  21],	  polyglycolic	  
acid	  (PGA)	  [22,	  23]	  and	  polymethylmethacryalate	  (PMMA)	  [24,	  25].	  	  
For	  biomedical	  applications,	  fibres	  derived	  from	  biopolymers	  such	  as	  poly	  lactic	  acid	  (PLA),	  
poly	  glycolic	  acid	  (PGA),	  and	  their	  copolymer	  PLGA	  have	  been	  the	  most	  widely	  investigated	  
for	  SRC	  processing	  [21-­‐23].	  Amongst	  them,	  PLA	   is	  one	  of	  the	  most	  common	  bioresorbable	  
polymers	  utilised	  for	  internal	  bone	  fixation	  implants	  due	  to	  its	  favourable	  degradation	  and	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mechanical	   properties,	   and	   availability	   with	   different	   lactide	   contents	   (i.e.	   L/D	   ratio)	   [26,	  
27].	  In	  order	  to	  produce	  SRCs	  with	  superior	  mechanical	  properties,	  it	  is	  desirable	  to	  develop	  
high	  modulus	  and	  high	  strength	  fibres.	  The	  mechanical	  properties	  of	  PLA	  fibres	  have	  been	  
shown	   to	   be	   improved	   with	   aligning/orientation	   of	   the	   molecular	   chains	   during	   fibre	  
spinning	   [28]	   and	   drawing	   processes	   [29-­‐31].	   For	   example,	   Mezghani	   and	   Spruiell	   [28]	  
reported	   increased	   tensile	   strength	   and	   modulus	   of	   as-­‐spun	   Poly(L-­‐lactic	   acid)	   (PLLA)	  
filaments	  from	  80	  MPa	  to	  385	  MPa	  and	  from	  3.7	  GPa	  to	  6	  GPa	  respectively,	  by	  decreasing	  
the	  fibre	  diameter	  from	  67µm	  to	  13µm	  utilising	  a	  high	  speed	  winder	  drum	  (100	  m.min-­‐1	  to	  
4700	  m.min-­‐1).	  They	  suggested	  that	  the	  improvement	  of	  tensile	  properties	  was	  attributed	  to	  
an	   increase	   in	   crystallinity	   from	  5%	   to	  43%	  as	   a	   result	  of	   strain	   induced	   chain	  orientation	  
within	  the	  polymer	  fibres.	  	  
For	   self-­‐reinforced	   PLA	   composite	   processing,	   use	   of	   highly	   crystalline	   PLA	   filaments	   also	  
showed	  significantly	   improved	   interfacial	  bonding	  due	   to	   the	  similar	  chemical	   structure	  of	  
both	  matrix	  and	  reinforcing	  elements	  [32].	  For	  example,	  Li	  and	  Yao	  [33]	  produced	  0.5	  mm	  
thick	   single	   PLA	   composites	   using	   amorphous	   PLA	   sheets	   (5%	   crystallinity)	   and	   crystalline	  
PLA	  yarn	  (40%	  crystallinity)	  via	  a	  compression	  moulding	  process	  at	  140oC,	  and	  reported	  that	  
the	  self-­‐reinforced	  PLA	  composite	  containing	  25	  wt%	  unidirectional	  PLA	  yarns	  (consisting	  of	  
135	   continuous	   fibres	  with	   average	  diameter	   of	   around	  20	  µm)	  had	   improved	   the	   tensile	  
strength	   by	   31%	   and	  modulus	   by	   48%	  when	   compared	   to	   the	   control	   PLA	   sheet	   (tensile	  
strength~44.8	  MPa	  and	  modulus~2.5	  GPa).	  The	   flexural	  properties	  of	  a	  3.2	  mm	  thick	   self-­‐
reinforced	   PLLA	   composite	   produced	   via	   a	   hot	   compaction	   process	   at	   95oC	   were	  
investigated	  by	  Wright-­‐Charlesworth	  et	  al.	  [20]	  and	  reported	  that	  SR-­‐PLLA	  had	  higher	  initial	  
flexural	   properties	   (strength~139.2	   MPa	   and	   modulus~5.4	   GPa)	   when	   compared	   to	   non-­‐
reinforced	  PLLA	  (strength~110.8MPa	  and	  modulus~3.9GPa).	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Although	  SRCs	  have	  shown	  a	  higher	  strength	  and	  modulus	  compared	  to	  the	  non-­‐reinforced	  
polymer,	  recent	  studies	  have	  also	  focused	  on	  the	  enhancement	  of	  the	  material	  properties	  
through	  modification	  of	  the	  processing	  techniques	  [7]	  as	  well	  as	  through	  the	  incorporation	  
of	   fillers	   [34-­‐36].	   For	   instance,	   Foster	   et	   al.	   [37]	   investigated	   the	   incorporation	   of	   carbon	  
nanofibres	  (CNF)	  into	  hot	  compacted	  polypropylene	  (PP)	  woven	  tapes	  	  and	  also	  the	  addition	  
of	  other	  nano	  and	  micro-­‐sized	  fillers,	  such	  as	  talc,	  nanoclay,	  fly	  ash	  and	  carbon	  black	  [35].	  It	  
was	  reported	  that	  all	  of	  the	  fillers	  improved	  the	  interlayer	  adhesion	  properties	  compared	  to	  
the	  pure	  PP	  tape/film,	  which	  was	  confirmed	  via	  SEM	  images	  and	  peel	  testing.	  	  
Natural	  polymers	  such	  as	  chitosan	  [38],	  alginate	  [39]	  and	  cellulose	  [40,	  41]	  both	  in	  nano	  and	  
microfibre	   form	   have	   also	   been	   incorporated	   in	   PLA	   for	   use	   in	   tissue	   engineering	   and	  
biomedical	   applications.	   Cellulose	   nanowhiskers	   (CNWs)	   have	  widely	   been	   investigated	   in	  
nanocomposites	   [40-­‐44]	   processing	   due	   to	   their	   biodegradability	   [45-­‐47],	   biocompatibility	  
[48,	   49]	   and	   superior	  mechanical	   properties	   (tensile	  modulus	   ~105	   GPa	   for	   cotton	   based	  
nanocellulose)	  [50].	  
In	  this	  study,	  PLA	  fibre	  mats	  were	  prepared	  using	  melt-­‐spun	  PLA	  fibres	  coated	  with	  a	  blend	  
of	   cellulose	   nanowhiskers	   (CNWs)	   and	   polyvinylacetate	   (PVAc).	   Recently,	   we	   investigated	  
the	  blend	  of	  CNWs	  and	  PVAc	  as	  a	  coating	  material	  on	   individual	  PLA	  fibre	  surfaces,	  which	  
demonstrated	   that	   a	   PVAc/CNW	   blend	   was	   beneficial	   by	   imparting	   surface	   roughness	   as	  
well	  as	  increasing	  the	  mechanical	  properties	  of	  the	  fibre.	  [51]	  A	  composition	  of	  75	  wt%	  CNW	  
and	  25	  wt%	  PVAc	  was	  found	  to	  have	  the	  greatest	  improvements,	  and	  this	  blend	  was	  used	  in	  
the	   work	   presented	   here.	   The	   attachment	   of	   nanowhiskers	   onto	   the	   fibre	   mats	   was	  
examined	   via	   scanning	   electron	   microscopy	   (SEM).	   The	   self-­‐reinforced	   composites	  
investigated	  in	  this	  study	  were	  produced	  via	  a	  hot	  compression	  process	  by	  laminate	  stacking	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the	   PLA	   fibre	   mats	   and	   the	   effect	   of	   CNWs	   and	   PVAc	   on	   the	   structural	   and	   mechanical	  
properties	  of	  the	  composites	  are	  reported.	  
Materials	  and	  Methodology	  
PLA	  fibre	  drawing	  
PLA	  ﬁbres	  were	  produced	  via	  a	  melt-­‐drawing	  process	  [52].	  Briefly,	  vacuum	  dried	  (at	  50oC	  for	  
48h)	   PLA	   beads	   (NatureWorks	   LLC,	   IngeoTM	   Grade	   3251D,	   average	  Mw~90,000-­‐120,000	   g	  
mol-­‐1,	   Density=1.24	   g	   cm-­‐3)	   were	   melted	   at	   180oC	   in	   air	   using	   a	   steel	   mould,	   which	   was	  
heated	  with	  a	  band	  heater,	  and	  comprising	  a	  2	  mm	  hole	  at	  its	  base.	  Molten	  polymer	  exited	  
through	   the	   base	   of	   the	   mould	   via	   the	   hole	   under	   the	   effect	   of	   gravity	   and	   was	   drawn	  
downwards	  and	  collected	  on	  a	  drum	  using	  traverse	  mode	  at	  0.025	  mm	  spacing	  and	  rotating	  
at	  400	  m	  min-­‐1,	  which	  was	   found	  optimal	   for	   the	  production	  of	  higher	  strength	  PLA	  fibres	  
(Table	  1)	  [51,	  52].	  The	  drum	  had	  a	  diameter	  of	  1	  m	  with	  a	  collector	  distance	  of	  50	  cm	  from	  
the	  steel	  mould.	  	  
	  
Preparation	  of	  Cellulose	  Nano	  Whiskers	  (CNW)	  	  
CNWs	  were	  produced	  via	  acid	  hydrolysis	  of	  cotton	  (purchased	  from	  Fisher	  Scientific,	  UK)	  in	  
aqueous	  H2SO4	  (64	  wt%)	  (Fisher	  Scientific,	  UK)	  for	  45	  min	  at	  45oC	  	  [40,	  53].	  The	  hydrolysed	  
cotton	  was	  washed	  with	  de-­‐ionised	  water	  followed	  by	  centrifugation	  at	  10oC	  (three	  cycles,	  
each	  at	  10,000	  rpm	  for	  15	  minutes)	  and	  then	  dialysed	  under	  running	  tap	  water	  for	  48h	  to	  
ensure	  removal	  of	  free	  acid.	  Sonication	  was	  then	  carried	  out	  to	  homogenise	  the	  dispersion.	  
Insufficiently	  hydrolysed	  fractions	  were	  removed	  by	  filtration	  using	  a	  fritted	  glass	  filter	  (no2	  
porosity	   grade)	   prior	   to	   treatment	  with	  Amberlite	   resin	   (purchased	   from	  Fisher	   Scientific,	  
UK)	  to	  remove	  non-­‐H3O+	  cations.	  The	  CNW	  suspension	  (concentration	  ~0.2	  wt%	  in	  deionised	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water)	   was	   then	   freeze-­‐dried	   after	   quench	   freezing	   with	   liquid	   nitrogen	   to	   obtain	   dried	  
nanowhiskers.	  
Manufacture	  of	  PLA	  fibre	  mats	  	  
Aligned	   PLA	   fibre	   mats	   were	   produced	   by	   adding	   a	   coating	   of	   a	   2	   w/v%	   of	   CNWs/PVAc	  
(75/25	  wt%)	  blend	  in	  deionised	  water	  using	  a	  syringe	  needle	  followed	  by	  gently	  brushing	  to	  
disperse	  the	  coating	  materials	  onto	  10	  layers	  of	  PLA	  fibres	  collected	  on	  the	  drum.	  PVAc	  was	  
used	  as	  a	  binder	  to	  retain	  the	  integrity	  of	  aligned	  PLA	  fibres	  while	  CNWs	  were	  blended	  in	  to	  
improve	  the	  mechanical	  properties	  of	  the	  coating.	  PVAc	  was	  obtained	  as	  Kollicoat	  SR	  (a	  30%	  
dispersion	  of	  PVAc,	  weight	  average	  Mw	  ~450,000,	  density	  1.045	  g	  cm-­‐3,	  viscosity	  ~100	  mPa.s	  
at	   20oC),	   which	   was	   stabilised	   with	   polyvinylpyrrolidone	   and	   sodium	   laurile	   sulphate.	  
Preliminary	  testing	  indicated	  that	  the	  blend	  containing	  75	  wt%	  CNWs	  and	  25	  wt%	  PVAc	  was	  
the	  most	  effective	   in	  enhancing	   the	  tensile	  properties	  of	   the	  PLA	   fibres.[51]	  We	  therefore	  
chose	   to	  use	   this	  blend	   in	   this	  work.	  After	  drying	  at	   room	  temperature	   for	  24	  h,	   the	   fibre	  
mat	  (with	  an	  average	  thickness	  of	  0.4	  mm)	  was	  removed	  from	  the	  drum	  and	  cut	  into	  80	  mm	  
x	  80	  mm	  squares.	  It	  has	  to	  be	  noted	  that	  the	  initial	  coating	  onto	  the	  drum	  was	  performed	  
only	  on	  the	  upper	  surface	  of	  the	   layers	  of	   fibres	   in	  order	  to	  produce	  a	  unidirectional	   fibre	  
mat	  and	  also	  to	  facilitate	  easy	  removal	  of	  fibre	  mat	  from	  the	  collection	  drum	  without	  losing	  
the	  alignment	  of	  PLA	  fibres.	  A	  final	  coating	  using	  the	  same	  blend	  was	  applied	  onto	  the	  cut	  
portion	  of	  fibre	  mat	  by	  dipping	  the	  mat	  into	  the	  coating	  blend	  for	  5	  min.	  After	  dipping	  the	  
mat	  was	  dried	  at	  room	  temperature	  for	  24	  h.	  To	  ensure	  consistent	  deposition	  of	  the	  coating	  
materials	  onto	  the	   individual	   fibre	  mats,	  the	  coating	  suspension	  was	  replaced	  with	  a	  fresh	  
suspension	  after	  each	  dip	  coating	  process.	  The	  overall	  coating	  materials	  incorporated	  after	  
the	  final	  coating	  onto	  the	  fibre	  mats	  was	  determined	  to	  be	  around	  8	  wt%	  (6	  wt%	  CNWs	  and	  
2	  wt%	  PVAc)	  after	  drying	  at	  37oC	  for	  48	  h	  on	  a	  polytetrafluoroethylene	  (PTFE)	  sheet.	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Self-­‐reinforced	  composite	  processing	  
To	   prepare	   SR	   composites,	   22	   layers	   of	   coated	   fibre	   mats	   were	   stacked	   together	   and	  
preheated	  at	  95±3oC	  for	  15	  min	  within	  a	  metal	  mould	  (dimension	  80	  mm	  x	  80	  mm	  x	  1	  mm)	  
before	  pressing	  at	  the	  same	  temperature	  at	  90	  bar	  pressure	  for	  10	  min	  and	  cooling	  down	  to	  
room	  temperature	  while	  retaining	  the	  applied	  pressure.	  	  
	  
Characterisation	  
Electron	  microscopic	  analysis	  
The	   surface	  morphology	   of	   coated	   and	   uncoated	   PLA	   fibres	   and	   the	   shape	   of	   the	   CNWs	  
produced	   in	   this	   study	  were	   characterised	   using	   scanning	   electron	  microscope	   (SEM)	   and	  
transmission	   electron	   microscopy	   (TEM),	   respectively	   as	   described	   elsewhere	   [51].	   A	  
sputtered	   platinum	   coating	   (at	   2.2	   kV	   for	   90s)	   was	   employed	   for	   SEM	   analysis	   to	   avoid	  
image	  distortion	  due	  to	  charging	  (at	  an	  accelerating	  voltage	  of	  10	  kV	  and	  working	  distance	  
of	  10	  mm).	  For	  TEM	  analysis	  an	  accelerating	  voltage	  of	  80	  kV	  was	  employed	  after	  staining	  
the	  CNWs,	  deposited	  on	  a	  carbon	  grid	  treated	  with	  an	  oxygen-­‐argon	  (25%-­‐75%)	  plasma	  to	  
render	  it	  more	  polar,	  with	  uranyl	  acetate	  (Sigma-­‐Aldrich,	  UK)	  (2	  wt	  %	  solution	  in	  water)	  for	  2	  
min.	  
Optical	  microscopic	  analysis	  
In	  order	   to	   investigate	   the	   fibre	   structures	  within	   the	  SR-­‐PLA	  composites	  produced	   in	   this	  
study,	   resin	   embedded	   SR	   composites	   were	   polished	   utilising	   progressively	   finer	   sand	  
papers	   prior	   to	   analysis	   of	   the	   cross	   section	   of	   the	   composites	   using	   a	   calibrated	   optical	  
microscope	  (20x	  magnification).	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Differential	  scanning	  calorimetric	  (DSC)	  analysis	  
DSC	   studies	   were	   conducted	   on	   a	   DSC	   Q10	   (TA	   Instruments,	   USA)	   calorimeter	   over	   a	  
temperature	  range	   from	  20oC	  to	  210oC	  at	  a	  heating	  rate	  of	  10°C	  min-­‐1	  under	  nitrogen	  gas	  
flow	  (50	  mL	  min-­‐1).	  At	  least	  three	  tests	  were	  done	  for	  each	  material	  to	  ensure	  repeatability.	  
The	   percentage	   of	   crystallinity	   was	   calculated	   from	   the	   DSC	   data	   as	   described	   in	   the	  
literature	  [52].	  
	  
Flexural	  properties	  
The	  flexural	  strength	  and	  modulus	  of	  the	  composites	  were	  obtained	  via	  three	  point	  bending	  
tests	   using	   a	   Hounsfield	   Series	   S	   testing	   machine	   according	   to	   the	   standard	   BS	   EN	   ISO	  
14125:1998	   [54].	   Sample	  dimension	  of	   around	  22mm	  ×	  10mm	  ×	  1mm,	   span	   length	  of	   16	  
mm,	  cross	  head	  speed	  of	  1	  mm	  min-­‐1	  and	  a	  5kN	  load	  cell	  were	  used	  to	  measure	  the	  flexural	  
properties	  and	  the	  average	  values	  were	  obtained	  from	  at	  least	  five	  repeats.	  
Statistical	  analysis	  	  	  
Unpaired	  t-­‐tests	  were	  conducted	  to	  investigate	  statistically	  significant	  differences	  between	  
the	  means	  of	  the	  data	  sets	  obtained.	  To	  interpret	  the	  t-­‐test	  results,	  a	  two-­‐tailed	  P-­‐value	  (P)	  
was	  considered	  with	  a	  95%	  confidence	  interval	  and	  a	  significance	  level	  of	  0.05.	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Results	  and	  Discussion	  
In	  this	  study	  CNWs	  were	  incorporated	  as	  a	  nanofillers	  at	  the	  fibre-­‐matrix	  interface	  of	  SR	  PLA	  
composites.	  PVAc	  was	  used	  as	  a	  binder	   to	  attach	   the	  CNWs	   to	   the	  PLA	   fibre	   surface.	  The	  
modified	   fibres	   where	   then	   used	   in	   unidirectional	   fibre	   mats	   in	   order	   to	   investigate	   the	  
effect	  of	  CNWs	  on	  the	  mechanical	  properties	  of	  the	  obtained	  SR	  PLA	  composites.	  	  
Morphological	  properties	  of	  PLA	  fibre	  mats	  and	  CNWs	  
SEM	  image	  presented	  in	  Figure	  2a	  revealed	  a	  smooth	  surface	  morphology	  of	  the	  melt-­‐spun	  
PLA	   ﬁbres	  with	   an	   average	   diameter	   of	   11	   (±0.9)	   µm.	   TEM	   images	   of	   the	   CNWs	   showed	  	  
(seen	  in	  Figure	  2b)	  their	  rod-­‐like	  shapes	  in	  line	  with	  the	  literature	  [55].	  These	  PLA	  fibres	  and	  
CNWs,	   isolated	  from	  cotton,	  were	  used	   in	  the	  production	  of	  unidirectional	   fibre	  mats	  (see	  
Figure	  3).	  
Figure	  3a	   shows	  a	   representative	   image	  of	   the	   coated	  PLA	   fibre	  mats	   that	  were	   collected	  
from	  the	  winder	  drum.	  Once	  removed,	  the	  fibre	  sheets	  were	  then	  coated	  on	  both	  sides	  of	  
the	   fibre	  mats	   utilising	   a	   dip	   coating	  method	   and	   around	   8	  wt%	   of	   the	   coating	  materials	  
were	  incorporated	  onto	  the	  PLA	  fibre	  mats	  (shown	  in	  Figure	  3b).	  	  
The	   surface	  morphology	  of	   both	   sides	   of	   the	   PLA	   fibre	  mats	   and	   single	   PLA	   fibres	   coated	  
with	  PVAc	  and	  CNWs-­‐PVAc	  are	  shown	  in	  Figures	  4a-­‐f,	  on	  which	  the	  coating	  material	  deposits	  
can	  be	  seen	  on	  both	  sides	  of	  the	  fibre	  mats	  as	  well	  as	  on	  the	  single	  fibres	  when	  comparing	  
the	  images	  to	  those	  of	  the	  uncoated	  PLA	  fibres.	  The	  SEM	  images	  obtained	  for	  the	  fibre	  mats	  
produced	  with	  only	  PVAc	  binder	  suggested	  attachment	  of	  PVAc	  onto	  the	  PLA	  fibre	  surface	  
giving	   the	   appearance	  of	   a	  matt	   finish	   (see	   Figure	   4a-­‐c).	   The	  CNW-­‐PVAc	   coated	  PLA	   fibre	  
mats	  showed	  that	  the	  CNWs	  were	  distributed	  to	  create	  a	  textured	  surface	  on	  the	  PLA	  fibres	  
(as	   seen	   in	   Figure	   4d-­‐f).	   Some	   flakes	   were	   also	   observed	   on	   the	   fibre	   mats	   which	   were	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believed	  to	  be	  due	  to	  the	  deposition	  of	  aggregated	  CNWs	  during	  the	  coating	  process.	  The	  
attachment	  of	  CNW-­‐PVAc	  to	  the	  PLA	  fibre	  surface	  was	  attributed	  to	  CNW-­‐PVAc	  and	  CNW-­‐
CNW	  percolating	   interactions,	  where	  PVAc	  acted	  as	  a	  binding	  agent	  helping	   to	  attach	   the	  
CNWs	  onto	  the	  surface	  of	  the	  fibres	  as	  well	  as	  to	  bind	  the	  unidirectional	  fibre	  mats	  during	  
the	  drying	  process,	  as	  discussed	  recently	  by	  our	  group.[51]	  	  
Differential	  scanning	  calorimetric	  (DSC)	  analysis	  
The	   glass	   transition	   temperature	   (Tg)	   for	   the	   PVAc	   coated	   PLA	   fibre	  mat	   did	   not	   reveal	   a	  
significant	  change	  (P>0.05)	  when	  compared	  to	  the	  PLA	  fibre	  (Tg~63.5oC),	  while	  attachment	  
of	  CNW-­‐PVAc	  blend	  exhibited	  a	  slight	   increase	  (P<0.05)	   in	  Tg	  value	  (~65oC)	  (Figure	  5a,	  DSC	  
thermograms).	   Restriction	   of	   polymer	   chain	   mobility	   along	   the	   interface	   caused	   by	   the	  
hydrogen	  bonding	  created	  between	  the	  PLA	  fibre	  surface	  and	  the	  PVAc-­‐CNW	  coating	  during	  
the	  drying	  process	  may	  be	  the	  cause	  of	  this	  small	  effect	  [56].	  No	  significant	  changes	  in	  cold	  
crystallisation	  (Tcc~80oC)	  and	  melting	  (Tm~166oC)	  temperatures	  (P>0.05)	  were	  observed	  for	  
coated	  fibre	  mats	  compared	  to	  the	  uncoated	  PLA	  fibres.	  For	  all	  investigated	  SR	  composites,	  
the	   Tg	   and	   Tm	   values	   were	   noted	   to	   be	   around	   71oC	   and	   172oC	   (Figure	   5b),	   respectively	  
which	  were	  significantly	  higher	  (P<0.05)	  than	  the	  values	  for	  the	  fibre	  mats.	  The	  crystallinity	  
of	  control	  SR	  PLA	  composite	  was	  calculated	  to	  be	  around	  49%	  which	  was	  significantly	  higher	  
(P<0.05)	   than	   the	   crystallinity	   of	   the	   PLA	   fibres	   (~34%)	   [6].	   Additional	   crystallization	  may	  
occur	  during	  partial	  melting	  of	  the	  fibres	  under	  high	  pressure	  during	  composite	  processing.	  
Indeed,	   a	   decreasing	   fibre	   diameter	   as	   a	   result	   of	   the	   partial	   melting	   of	   the	   outer	   fibre	  
regions,	   can	   be	   expected	   to	   induce	   crystallization	   in	   the	   thinning	   fibre.	   However,	   the	  
crystallinity	   of	   SR	   PLA-­‐PVAc	   and	   SR	   PLA-­‐CNW	   composites	  were	   found	   to	   be	   around	   45%,	  
which	   was	   slightly	   lower	   (P<0.05)	   than	   the	   SR	   PLA	   composite.	   This	   may	   be	   due	   to	   the	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presence	  of	  PVAc	  matrix	  used	  as	  a	  binder	  that	  helped	  to	  retain	  most	  of	  the	  PLA	  fibre	  within	  
the	  SR	  composite,	  and	  may	  reduce	  the	  additional	  crystallization	  by	  local	  mixing	  with	  PVAc.	  	  
Structural	  analysis	  of	  self-­‐reinforced	  PLA	  composites	  
The	  retention	  of	   the	  fibre	  structure	  within	  the	  SRCs	  can	  have	  a	  significant	   influence	  on	   its	  
mechanical	   properties.	   Therefore,	   the	   polished	   cross-­‐sections	   of	   the	   SRCs	   produced	  were	  
investigated	  via	  a	  calibrated	  optical	  microscope.	  In	  Figure	  6a-­‐c,	  the	  cross-­‐section	  of	  the	  SRCs	  
revealed	   that	   the	  morphology	   of	   the	   PLA	   fibres	   had	   been	  maintained	   after	   consolidation	  
into	  composites.	  However,	  the	  fibre	  morphology	  observed	  was	  not	  perfectly	  cylindrical	  for	  
all	  the	  fibres.	  The	  temperature	  and	  pressure	  used	  in	  this	  study	  played	  an	  important	  role	  in	  
preserving	  the	  fibre	  structure.	  We	  therefore	  used	  the	  processing	  parameters	  (95oC	  and	  90	  
bar	  pressure)	  showed	  by	  Wright-­‐Charlesworth	  et	  al.	  [36]	  to	  provide	  the	  best	  combination	  of	  
flexural	  strength,	  modulus	  and	  ductility	  in	  SR	  PLLA	  composites.	  	  
Furthermore,	  the	  fracture	  surfaces	  of	  the	  SRCs	  (Figure	  7a-­‐c)	  obtained	  after	  the	  flexural	  test	  
also	   showed	   the	   retention	  of	   the	  PLA	   fibrous	   structure	   as	  well	   as	   pull	   out	   of	   some	   fibres	  
along	  the	  fractured	  cross-­‐section	  within	  the	  SRCs.	  
Flexural	  properties	  
The	   flexural	  properties	  of	   the	  SRCs	  are	  presented	   in	  Figure	  8,	  where	   the flexural	   strength	  
and	  modulus	  of	  the	  SR	  PLA-­‐PVAc	  and	  SR	  PLA-­‐CNWs	  composites	  were	  seen	  to	  increase	  when	  
compared	  to	  the	  same	  properties	  of	  the	  SR	  PLA	  composite.	  	  
The	  control	  SR	  PLA	  composite	  had	  a	  flexural	  strength	  and	  modulus	  of	  82	  MPa	  and	  3.9	  GPa,	  
respectively,	  which	  was	  lower	  than	  values	  found	  by	  Wright-­‐Charlesworth	  et	  al.	  [36]	  for	  SR-­‐
PLLA	  composites	  (139	  MPa	  flexural	  strength	  and	  5.4	  GPa	  modulus).	  However,	   in	  this	  study	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PLA	   (Natureworks–3251D)	   resin	   was	   investigated	   which	   contained	   a	   lower	   amount	   of	   L-­‐
lactide	   compared	   to	   the	   PLLA	   resin	   used	   in	   the	   cited	   work	   [36].	   In	   addition,	   the	   fibre	  
processing	  conditions	  and	   further	   improvement	  of	   their	   initial	   strength	  could	   improve	   the	  
flexural	  properties	  of	  SRCs.	  For	  SR	  PLA-­‐CNW	  composites	  the	  flexural	  strength	  and	  modulus	  
increased	  to	  122	  MPa	  (~48%	  increase)	  and	  5.5	  GPa	  (~39%	  increase)	  respectively,	  which	  was	  
comparable	   with	   other	   studies	   on	   SR-­‐PLLA	   composites	   [36].	   This	   increase	   in	   mechanical	  
properties	  was	  attributed	   to	   the	  mechanical	   interlocking	  made	  possible	  by	   the	  nanofillers	  	  
(CNWs)	  deposits	  on	  the	  PLA	  fibres	  within	  the	  SR	  PLA-­‐CNW	  composite,	  which	  improved	  the	  
interfacial	  properties	  between	  the	  fibre	  and	  matrix	  [51].	  Foster	  et	  al.	  [35]	  investigated	  nano-­‐	  
and	  micron-­‐size	  particles	  (nanoclay,	  talc,	  carbon	  black)	  to	  enhance	  the	   interlayer	  adhesion	  
in	  SRCs,	  which	  were	  also	  believed	  to	  increase	  the	  mechanical	  properties	  of	  the	  composites.	  
Though	   the	   SR	   PLA-­‐PVAc	   composite	   exhibited	   an	   increase	   in	   flexural	   properties	   (flexural	  
strength~102	  MPa	  and	  modulus~4.6	  GPa)	  compared	  to	  the	  control	  SR	  PLA	  composite,	  these	  
values	  were	  significantly	  lower	  (P<0.05)	  compared	  to	  SR	  PLA-­‐CNW,	  which	  demonstrated	  the	  
influence	   of	   CNW	   in	   the	   coating	   blends	   to	   enhance	   the	  mechanical	   properties	   of	   SR	   PLA	  
composites.	  The	  increase	  seen	  in	  the	  SR	  PLA-­‐PVAc	  composite	  might	  be	  due	  to	  better	  chain	  
interdiffusion	   at	   the	   fibre-­‐matrix	   interface.	   This	   may	   increase	   interfacial	   strength	   despite	  
some	   level	   of	   plasticization	   by	   PVAc.	   It	   appears	   the	   interfacial	   strength	   increase	   is	   more	  
important.	  	  
The	   stress-­‐strain	   curve	   presented	   in	   Figure	   9	   shows	   the	   flexural	   behaviour	   of	   the	   SRCs	  
produced	   in	  this	  study,	  where	  SR	  PLA	  revealed	  a	  sudden	  break	  during	  testing,	  highlighting	  
their	   brittleness.	   The	   SR	   PLA-­‐CNW	   composite	   on	   the	   other	   hand	   revealed	   less	   brittle	  
properties.	   The	   SR	   PLA-­‐PVAc	   composites	   exhibited	   quite	   ductile	   properties	   during	   the	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flexural	   test,	   most	   likely	   as	   a	   result	   of	   the	   presence	   of	   plasticizing	   PVAc	   within	   the	  
composite.	   Introduction	   of	   CNWs	   in	   this	   plasticizing	   layer	   reduces	   this	   plasticizing	   effect,	  
resulting	  in	  improved	  mechanical	  properties,	  as	  seen	  for	  the	  sized	  fibres	  on	  their	  own.[51]	  	  
	  
The	  control	  SR	  PLA	  showed	  complete	  breakdown	  of	  the	  fibres	  within	  the	  composites	  during	  
the	   flexural	   test	   (see	   Figure	   10a).	   The	   brittleness	   of	   the	   SR	   PLA	   was	   suggested	   to	   be	  
associated	  with	  the	  surrounding	  matrix,	   formed	  by	  the	  partial	  melting	  of	   the	  fibres.	  While	  
the	   fracture	   surfaces	   of	   the	   SR	   PLA-­‐PVAc	   and	   SR	   PLA-­‐CNW	   composites	   revealed	   that	   a	  
significant	   portion	   of	   the	   aligned	   fibres	   had	   been	   preserved,	   even	   after	   fully	   bending	   the	  
composites	  as	  presented	   in	  Figure	  10b-­‐c	  and	  11b-­‐c,	  which	  acted	  as	   the	  neutral	   axis	  of	   SR	  
composites	  during	  the	  3-­‐point	  bending	  test.	  It	  is	  to	  be	  noted	  from	  the	  fracture	  images	  of	  SR	  
PLA-­‐PVAc	  and	  SR	  PLA-­‐CNW	  (Figures	  10b-­‐c)	  that	  the	   initial	  crack	  within	  the	  SRCs	  started	  to	  
appear	  at	  the	  bottom	  portion	  of	  the	  composites	  located	  at	  the	  opposite	  side	  of	  applied	  load,	  
which	  was	  suggested	  to	  be	  due	  to	  the	  failure	  of	  fibres	  along	  their	  longitudinal	  axis	  under	  the	  
flexural	  stress	  condition	  [25].	  In	  addition,	  retention	  of	  a	  significant	  portion	  of	  aligned	  fibres	  
during	   the	   flexural	   test	   could	   also	   attributed	   to	   the	   interlayer	   adhesion	   of	   PLA	   and	   PVAc	  
matrix	  formed	  during	  the	  SR	  composite	  production.	  	  
This	   study	   showed	   that	   incorporation	  of	   CNWs	  and	  PVAc	   in	   SR	  PLA	   composites	   improved	  
their	  flexural	  properties	  and	  imparted	  ductility.	  The	  enhanced	  mechanical	  properties	  enable	  
the	   potential	   use	   of	   these	   SR	   PLA	   composite	   materials	   within	   packaging	   and	   biomedical	  
fields.	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Conclusion:	  
The	   influence	   of	   CNWs	   and	   PVAc	   on	   the	   improvement	   of	   the	   flexural	   properties	   of	   self-­‐
reinforced	   polylactic	   acid	   (SR-­‐PLA)	   composites	   was	   investigated	   in	   this	   study.	   CNWs	   and	  
PVAc	  coated	  highly	  oriented	  PLA	  fibre	  mats	  were	  used	  to	  produce	  SR	  composite	  via	  a	  hot	  
compaction	  process	  maintaining	  the	  integrity	  of	  fibre	  within	  the	  composites.	  Incorporation	  
of	  CNWs	  and	  PVAc	  within	  the	  SR	  composites	  a	  significant	  improvement	  in	  flexural	  properties	  
was	  achieved.	  For	  example,	  CNWs	  (8	  wt%)	  within	  the	  SR-­‐PLA	  composites	  exhibited	  48%	  and	  
39%	   increase	   in	   flexural	  strength	  and	  modulus	  properties	  compared	  to	  the	  control	  SR-­‐PLA	  
composite	   (flexural	   strength~82	   MPa	   and	   modulus~3.9	   GPa),	   whereas,	   the	   PVAc	   binder	  
alone	  used	  within	  the	  SR	  composites	  revealed	  around	  27%	  and	  18%	  increase,	  respectively.	  
The	   control	   SR	   PLA	   showed	   complete	   breakdown	   of	   fibres	   consolidated	   within	   the	  
composites,	  whilst,	   the	  presence	  of	  CNWs	  and	  PVAc	  had	  a	   significant	   influence	  on	  ductile	  
behaviour	   of	   the	   SR	   composites	   by	   retaining	   a	   portion	   of	   aligned	   fibres	   even	   after	   fully	  
bending	  the	  composites,	  which	  reduced	  the	  chances	  of	  sudden	  failure	  during	  flexural	  test.	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Figure	  1:	  Schematic	  of	  PLA	  fibre	  drawing	  and	  coating	  procedure	  employed	  to	  produce	  
aligned	  fibre	  mat.	  
	  
Figure	  2:	  a)	  Scanning	  Electron	  microscopy	  (SEM)	  image	  of	  PLA	  fibres	  obtained	  at	  400	  m	  
min-­‐1	  rotation	  speed,	  and	  b)	  TEM	  image	  of	  Cellulose	  nanowhiskers	  (CNWs).	  
	  	  
Figure	  3:	  Representative	  images	  of	  PLA	  fibre	  mats	  a)	  fibre	  sheet	  collected	  from	  the	  winder	  
drum	  after	  coating,	  and	  b)	  80x80	  mm	  fibre	  mat	  with	  both	  sides	  coated	  (~8	  wt%	  coating	  
materials).	  
	  
	  
	  
	  
	  
	  Figure	  4:	  SEM	  images	  represent	  a)	  PVAc	  coated	  fibre	  mat	  (top	  surface	  during	  drying	  on	  a	  
PTFE	  sheet),	  b)	  PVAc	  coated	  fibre	  mat	  (bottom	  surface	  during	  drying),	  c)	  PVAc	  coated	  
single	  PLA	  fibre	  and	  d)	  CNWs-­‐PVAc	  coated	  fibre	  mat	  (top	  surface),	  e)	  CNWs-­‐PVAc	  coated	  
fibre	  mat	  (bottom	  surface),	  and	  f)	  CNWs-­‐PVAc	  coated	  single	  PLA	  fibre.	  
	  
	  Figure	  5:	  DSC	  thermogram	  of	  a)	  uncoated	  and	  PVAc	  and	  CNWs-­‐PVAc	  coated	  PLA	  fibre	  
mats	  and	  b)	  self-­‐reinforced	  PLA,	  PLA-­‐PVAc	  and	  PLA-­‐CNW	  composites.	  
	  
	  
	  Figure	  6:	  	  Optical	  microscopy	  images	  of	  polished	  cross-­‐section	  of	  SR	  PLA	  composites:	  
a) Control	  (uncoated),	  b)	  PVAc	  coated,	  and	  c)	  CNWs-­‐PVAc	  coated	  SR	  PLA	  composites.	  
	  
	  
	  Figure	  7:	   	  Scanning	  electron	  microscopy	  (SEM)	  images	  of	  fracture	  cross-­‐section	  of	  SR	  PLA	  
composites:	   a)	   Control	   (uncoated),	   b)	   PVAc	   coated,	   and	   c)	   CNWs-­‐PVAc	   coated	   SR	   PLA	  
composites	  
	  Figure	  8:	  Flexural	  strength	  and	  modulus	  properties	  of	  self-­‐reinforced	  PLA,	  PLA-­‐PVAc	  and	  
PLA-­‐CNW	  composites	  produced	  in	  this	  study.	  	  
	  
	  
	  Figure	  9:	  Typical	  flexural	  stress-­‐strain	  curves	  for	  self-­‐reinforced	  PLA,	  PLA-­‐PVAc	  and	  PLA-­‐
CNW	  composites	  produced	  in	  this	  study.	  
	  
	  
	  
	  
	  
	  Figure	  10:	  Image	  representing	  the	  fracture	  mode	  of	  SR	  composites:	  a)	  SR	  PLA,	  b)	  SR	  PLA-­‐
PVAc,	  c)	  SR	  PLA-­‐CNW	  composite,	  and	  d)	  scheme	  of	  fracture	  mode	  of	  SR	  PLA-­‐PVAc	  and	  SR	  
PLA-­‐CNW	  composites.	  
	  
	  Figure	  11:	  SEM	  images	  of	  the	  fracture	  surface	  of	  SRCs	  obtained	  after	  flexural	  test:	  a)	  
control	  SR	  PLA	  (complete	  fracture	  of	  fibres),	  b)	  SR	  PLA-­‐PVAc	  (partial	  fracture	  of	  fibres),	  and	  
c)	  SR	  PLA-­‐CNW	  composites	  (partial	  fracture	  of	  fibres).	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Table	   1	   Formulations	   of	   coating	   materials	   and	   mechanical	   properties	   of	   single	   PLA	   fibre	  
coated	  with	  CNWs	  and	  PVAc.	  
Sample	  codes	  
used	  in	  this	  
study	  
	  
Coating	  materials	   Volume	  
fraction	  of	  
PLAa	  	  
Tensile	  
strength	  of	  
single	  PLA	  
fibre	  
(MPa)	  
Tensile	  
modulus	  of	  
single	  PLA	  
fibre	  
(GPa)	  
Referencesb	  
CNWs	  
(wt%)	  
PVAc	  
(wt%)	  
SR	  PLA	   -­‐	   -­‐	   1	   213	  (±10)	  
207	  (±14)	  
4.8	  (±0.4)	  
4.9	  (±0.3)	  
[1]	  
[2]	  
SR	  PLA-­‐PVAc	   -­‐	   100	   0.97	   188	  (±18)	   5.1	  (±0.1)	   [2]	  
SR	  PLA-­‐	  CNWs	   75	   25	   0.93	   206	  (±12)	   7.0	  (±0.4)	   [2]	  
aVolume	  fraction	  of	  PLA	  (the	  matrix	  plus	  the	  fibres)	  calculated	  on	  the	  basis	  of	  8	  wt%	  coating	  
materials	  on	  fibre	  mat	  
bReferences	  representing	  the	  tensile	  properties	  of	  control	  and	  coated	  PLA	  single	  fibres	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